[1] The origin of pulverized rocks (PR) in surface outcrops adjacent to the fault cores of the San Andreas and other major faults in Southern California is not clear, but their structural context indicates that they are clearly associated with faulting. An understanding of their origin might allow inferences to be drawn about the nature of dynamic slip on faults, including rupture mechanisms and their speed during earthquakes. In the present study, we use split Hopkinson bar recovery experiments to investigate whether PR can be produced under dynamic stress wave loading conditions in the laboratory and whether PR is diagnostic of any particular process of formation. The results of the study indicate that in Westerly granite for transition from sparse fracture to pervasive pulverization requires high strain rates in excess of 250/s and that the formation of PR may be inhibited at the larger burial depths. The constraint imposed by field observations of the relatively low strains (1-3%) in PR recovered from the field and the laboratory derived threshold for the critical strain rate (∼250/s and higher) together indicate that a dynamic supershear-type rupture may be necessary for the origin of pulverized rocks at distances of tens of meters away from the fault plane as observed in the field for both large strike-slip-type and the relatively small dip-slip-type fault ruptures in nature.
Introduction
[2] Geological mapping indicates that fault zones contain a hierarchical damage structure with a narrow core of slip localization that accommodates most of the motion across the fault and damaged rocks with various crack densities in the adjacent regions [Chester et al., 2004] . Recent studies [Dor, 2006 [Dor, , 2007 Dor et al., 2006b Dor et al., , 2006c Dor et al., , 2009 Dewers, 2004, 2005; Wilson et al., 2004 Wilson et al., , 2005 have shown that large continental strike-slip fault structures have belts of pulverized rocks (PR) that are about 100 to 300 m wide and exist primarily on one side of the fault. A principal feature exhibited by PR is that they appear to be essentially shattered in place but have experienced very little strain; the PR consists of fragments much smaller than the original crystal/ grain size of the intact rock. These fragments still fit together, essentially preserving the original rock fabric on all scales.
[3] PR have been found to be a systematic structural component of the San Andreas Fault (SAF) zone in the Mojave segment [Dor et al., 2006b; Wilson et al., 2005] , portions of the Garlock [Sisk et al., 2005] and San Jacinto faults [Stillings, 2007] in California, and in a section of the Arima-Takatsuki fault in Japan [Mitchell et al., 2008] . What is intriguing is the fact that such distributions of intensely fragmented rocks at distance of tens of meters away from the fault plane are rarely observed on other natural faults, in which the damage is usually localized along macroscopic principal shear planes.
[4] Following several observations of PR along the SAF, Brune [2001] , Wilson et al. [2005] , and Rockwell et al. [2009] have studied in detail an outcrop of the pulverized Tejon Lookout granite in the Tejon Pass and from the Tejon Ranch on the Garlock fault [Sisk et al., 2005] . Based on the analysis of particle size distributions (PSD) they argued that the energy dissipated during fracturing (and/or energy required to create the extremely fine grain gouge) may be considerably larger than prior estimates, and thus may have implications to the overall earthquake energy budget. To verify whether the observed occurrence of PR along the Mojave section of the SAF was anecdotal or systematic, Dor et al. [2006b] mapped all the outcrops of crystalline rocks along this fault section. The damage pattern (PR) was observed to be present mainly in the crystalline rock that was not extensively weathered and had only a minor clay content. They also found that essentially every outcrop of crystalline rock within 50 to 200 m from the fault was pulverized to some degree, suggesting that PR were a systematic fault zone damage product. Moreover, the PR layer was observed to be parallel to the slipping zone of the fault and apparently shifted to the northeast. Dor et al. [2006a Dor et al. [ , 2006b suggested this asymmetry could be due to the propagation of wrinklelike ruptures along a bimaterial interface [Ben-Zion and Shi, 2005] with a preferred northwest propagation direction of 1 large earthquakes on the Mojave section of the fault. Dor et al. [2006a Dor et al. [ , 2006b also argued that pulverization occurred in a shallow zone in the crust, probably at the top 3 km. This conclusion was further substantiated by the finding of significant amounts of similar type of damage in sandstones of the Juniper Hills formation in a 100 m wide zone adjacent to the SAF. These rocks were not buried deeply, and the structural context of their damage suggests that it was related to faulting on the SAF. Dor [2007] also analyzed PSD of samples collected from the Mojave section of the SAF by scanning electron microscope. Their results showed a distribution of particle diameters between 0.4 to 100 mm, i.e., much smaller than the grain size of the rocks.
[5] With regards to the origin of PR, it has been argued that since faults show varying degrees of amplitude-towavelength (surface roughness) ratios Tullis, 1989, 1995; Power et al., 1988; Yund et al., 1990] , pulverization of rocks may occur during slip on a rough fault surface, where the material on the fault surface may repeatedly experience a variety of strain orientations, mainly extensions and compressions perpendicular to the main fault surface. Similarly, Chester and Chester [2000] have postulated that locally inhomogeneous stress states can occur along faults owing to repeated (cyclic) slip on geometrically irregular fault surfaces, thus leading to an increase in the variation in both principal stress orientation and magnitude along the fault surface, and the likelihood for brittle failure. In these models, pulverization of rocks occurs simply due to the irregular geometry of the fault surface and may not require any high strain rates.
[6] In contrast to the above scenario, another class of models emphasizes the association of the rupture tip with fault interface vibrations leading in some cases to a complete reduction of the normal stress. The difference lies in the fact that fault roughness is intrinsically a part of the model, unlike the idealized planar fault in the aforementioned rupture model. Thus, a given point along a fault experiences not only a complex and rapidly evolving stress state as the rupture tip passes, but continues to experience significant stress changes behind the rupture tip as long as slip is occurring, and may lead to fragmentation in the adjoining rock. This model was suggested, among others, by the experiments and calculations of Brune and coworkers [e.g., Brune et al., 1993] , by the 2D finite element modeling of Oglesby et al. [1998 Oglesby et al. [ , 2000 , and by the theory of rupture along a bimaterial interface [e.g., Ben-Zion, 2001; Lyakhovsky et al., 2001] .
[7] Another possibility for the pulverization of the rock can be attributed to the damage from stress waves associated with the passage of a dynamic shear rupture tip propagating at sub-Rayleigh and/or intersonic speeds. Under these dynamic loading conditions formation of a single dominant crack and/ or multiple sparsely spaced dominant macrocracks is limited by the Rayleigh wave speed of the medium and, thus, cannot accommodate all the energy provided. Instead, the dynamic loading invariably results in nucleation and propagation of numerous densely spaced microcracks, which ultimately coalesce, leading to fragmentation and, possibly, complete pulverization of the sample [Freund, 1990] . This damage may occur even in the case of an ideally planar fault, during a single rupture event or many times over as ruptures from successive earthquakes pass by. The orientation of the dynamic stresses at a given point varies during the passage of the rupture tip. The largest stresses occur immediately ahead of the tip and in the process zone immediately behind it. The dimensions of the process zone could be as large as 30 m if the slip weakening distance is on the order of 50 mm Viesca et al., 2008] , and so, with a rupture speed on the order of the shear wave speed in the material (∼3 km/s), a material point experiences these changing stresses for about 0.01 s (∼30 m divided by 3 km/s). The magnitude of the stress involved in this situation is expected to be on the order of the Coulomb failure stress, but the amplitude of the permanent strain is expected to be small, on the order of 0.5 percent . Along these lines, deformation conditions at the tip of a propagating dynamic rupture can be expected to cause pervasive fragmentation of brittle solids and/or granular materials.
[8] In addition to the change in orientation and magnitude of the principal stresses, elastodynamic crack tip fields during Mode II rupture also indicate that very high rates of volumetric expansion and/or contraction exist at short distances from the tip of such dynamic ruptures. As the tip approaches a material point in the fault zone, volumetric deformation rates intensify and can lead to fragmentation of the solid rock. As the rupture tip passes by the material point, the volumetric expansion is inverted, leading to further fragmentation of the newly formed granular material by dynamic contraction. Such stress wave loading conditions have been suggested by Reches and Dewers [2005] and Grady and Kipp [1993] to aid in rock fragmentation during the passage of a dynamic shear rupture front.
[9] Despite the above efforts, the origin of PR at distances of tens of meters away from the fault plane is still not clear. Whereas grain comminution and gouge formation are common within the fault core, (where much of the straining occurs), the combination of intense pulverization with the apparent lack of significant strain suggests that they have the potential for telling us something new about the faulting process and, if generated by earthquakes, about the dynamics of rupture events. In particular, the governing elastodynamic equations for Mode II shear rupture predict high volumetric and/or effective strain rates at material elements very close to the fault core, but relatively smaller strain rates at distances several tens of meters away. If the effective strain rate threshold for pulverization of the rocks is high, it may suggest that perhaps pulverization may be related to supershear rupture, a type of dynamic shear rupture only detected infrequently, which is associated with a shock wave Gary, 2008, 2009; Prakash et al., 2008; Yuan and Prakash, 2009] . This hypothesis is also consistent with the fact that pulverization has been observed along large strikeslip faults, such as, the San Andreas Fault in CA and the North Anatolian Fault in Turkey. These faults are known to be prone to supershear rupture [Rosakis, 2002; Rosakis et al., 2009] .
[10] The present experimental study is motivated by the need to better understand the critical stress wave loading conditions (effective strain rate and stress amplitude) that may be required for a transition in failure in rocks from discrete fracturing to pervasive pulverization of the type observed in PR. In the study we employ split Hopkinson pressure bar (SHPB) recovery experiments on Westerly granite samples in both unconfined (uniaxial) and confined conditions. The SHPB technique provides average stress, strain, and strain rate in the sample under various load confinement conditions at strain rates in excess of 1000 s −1 . We also employ detailed optical and scanning electron microscopy to delineate the various damage modes and failure in the posttest impacted granite samples. Details of the experimental technique are provided next in Section 2.0.
Experimental Procedure
[11] In the present study, a modified Split-Hopkinson Pressure Bar (SHPB) with a single stress wave loading capability for recovery purposes [Chen and Ravichandran, 1997] was employed to conduct the high strain rate experiments on Westerly granite. A schematic of the SHPB facility, located in the Department of Mechanical and Aerospace Engineering at Case Western Reserve University. is shown in Figure 1 . The loading device consists of a pressurized gas gun and three 19.05 mm diameter maraging steel bars − 0.1/0.2 m long striker bar (propelled by the gas gun), 1.6 m incident bar, and an 0.8 m transmitter bar. The specimen is placed between the incident and transmitter bars prior to the experiment. Upon impact of the striker bar with the incident bar, compressive stress waves are generated in the incident and striker bars. When the stress wave in the incident bar reaches the specimen-incident bar interface, part of the incident stress wave is reflected back in the incident bar as an unloading wave while the rest continues through to the transmitter bar. Semiconductor strain gages are mounted on the incident and transmitter bars to record the strain profile histories generated by the impact; these gauges are mounted diametrically opposite each other to minimize the effects due to bending.
[12] In the conventional split Hopkinson pressure bar, it is possible that the specimen is loaded multiple times because of subsequent wave reflections in the incident bar. This repeated loading is undesirable to enable investigation of the critical conditions for pulverization of the rock specimens under well-characterized stress wave loading conditions. In order to achieve this, in the present study, the transmitter bar was made to be shorter than the incident bar, as shown in the Figure 1 . With this modification, the shorter transmitter bar acts as a momentum trap, thereby moving the transmitter bar away from the specimen before the second compressive loading pulse reaches the specimen.
[13] As pointed out by Davies and Hunter [1963] , in a typical split Hopkinson bar test the stress state within the specimen equilibrates after approximately p reverberations of the stress pulse within the specimen:
where L o is the specimen length and c granite is the longitudinal wave speed in Westerly granite. Based on the available literature [Ashby and Sammis, 1990; Hadley, 1976; Lockner, 1998; Schock and Heard, 1974] Westerly granite has an average Young's modulus of 70 GPa and an approximate density of 2650 kg/m 3 . These values give a longitudinal elastic bar wave speed of approximately 5.1 km/s in the granite. In view of equation (1), for the 7 mm thick Westerly granite used in the present study, the stresses are expected to reach an equilibrium after approximately 5 ms. In order to facilitate the attainment of stress equilibrium, and thus a nearly constant strain rate in the sample during the duration of the experiment, a pulse shaper is placed at the impact end (left end) of the incident bar to shape (increase) the risetime of the incident pulse by plastic flow of the pulse shaper [Shazly et al., 2009; Sunny et al., 2008] . In this way, the times at which the peak stress occurs in the granite specimens will always be greater than those required to reach an equilibrium state of stress in the specimens. In view of this, in all the tests conducted in present study, annealed copper shims of various sizes were used as the pulse shapers [Frew et al., 2002] . The size of the shims depend on the impact velocity to be used in the experiment, and were optimized by matching the slopes of the incident signals (resulting from impacting the incident bar with different pulse shapers placed between the incident and striker bars) with the transmitted signal.
[14] The lateral confinement in the rock samples was achieved by installing a shrink fit PMMA/metal sleeve on the lateral surface of the cylindrical Westerly granite specimens. A typical confinement cell assembly with copper sleeve is shown in Figure 2 . The inner diameter of the sleeve was designed to be slightly smaller than the specimen diameter (a misfit is applied). To install the sleeve around the specimen, the sleeve is preheated to expand the inner diameter and enable the specimen to slide into the sleeve. After the assembly is cooled, shrinkage of the sleeve provides confinement pressure on the lateral surface of the specimen. The initial misfit is chosen to be large enough so as to take the sleeve into the plastic regime during the shrinkage. In the case of relatively thin-walled sleeves, the lateral confinement can be approximated by s T ≈ y r 1 , where s y is the yield stress of the sleeve material, x is the wall thickness of the sleeve, and r 1 is the inner radius of the sleeve. Moreover, the length of the sleeve is designed to be larger than the granite specimen; two maraging steel plugs with the same diameter as the granite specimen are applied to the confinement cell in order to axially load only the granite specimen. Thus, the signal measured from the transmitted bar can be used to calculate the stress in the granite sample. It is to be noted that the yield stress of the maraging steel plugs is expected to be in the range 1800 to 2400 MPa with a Rockwell hardness of HRC 55 to 58. Because of the high yield stress of the steel plugs, they are expected to remain in the elastic deformation regime during testing of the granite rocks under confinement.
[15] For unconfined experiments, the engineering stress, engineering strain rate and the engineering strain in the specimen are obtained by Kolsky [1949] 
In equation (2), E b , A b and C b are Young's modulus, the cross-sectional area, and longitudinal wave speed of the steel bar, respectively; A s and l s are the cross-sectional area and the length of the granite specimen; and " T (t) and " R (t) are the transmitted and reflected engineering strain signals measured on the bars, respectively.
[16] For confined experiments, the engineering stress, engineering strain rate and engineering strain in the specimen are obtained as
and " ¼
In equation (3), l plug and E plug are the length and Young's modulus of the steel plugs respectively. The true stress and true strain rate in the granite samples can be determined from the engineering stress and strain rate by assuming uniform and isochoric deformation conditions to prevail within the specimen during the deformation process. For brittle specimens the true stress versus true strain curves are expected to be quite similar to the engineering stress versus strain curves until large scale microcracking and failure set in after which the condition of isochoric deformation can be violated.
Experimental Results

Unconfined Experiments
[17] Table 1 is a summary of all the unconfined experiments conducted in the present study. The Westerly granite used in this study was even textured with a mean grain size of 0.7 mm. The samples used for testing were cylindrical disks with a diameter of ∼10.2 mm and height varying from 6 to 8 mm. All granite specimens were cut with the same orientation from a single block of material. The plane of cut was not specifically orientated with respect to the foliation plane of the granite. The pulse duration and the pulse amplitude and strain rate in the samples were controlled by varying the striker bar length and the impact velocity, respectively. Posttest examination of the samples yield three Figure 2 . Schematic of confinement cell assembly used for conducting the confined SHPB experiments. different final states: (1) Intact, or the nonfractured state, where insufficient loading (both stress amplitude and strain rates) did not lead to specimen fracture; (2) a fractured state, where the sample was split by a few longitudinal fractures-a common failure pattern observed during uniaxial loading at low strain rates; and (3) a pulverized state, where the sample is pervasively fractured, with fragment of size of less than 1 mm.
[18] Figure 3a shows the true stress versus true strain curves for all unconfined experiments conducted by using an 8 inch striker (pulse duration ∼180 ms after pulse shaping). In the experiments the true strain rate in the samples varied from 200/s (shot 1) to 1500/s (shot 7). Figure 4a shows the true stress versus true strain curves for all the unconfined experiments conducted by using an 4 inch striker bar, in which the pulse duration was ∼120 ms; the true strain rate varied from 200/s (shot 8) to 350/s (shot 10) in these experiments. Figures 3b and 4b show low magnification pictures of the corresponding posttest impacted specimens obtained using the 8 inch and 4 inch striker bars, respectively. From the results, it can be seen that the pulse duration has very little effect on the dynamic peak strength and failure of the granite samples. The impact velocity threshold for pulverization is about 4.5 m/s, which corresponds to a critical strain rate of ∼300/s; specimens completely fail and become pulverized when the impact velocity is above 4.5 m/s (strain rates >300/s), while specimens remain intact or fail partially (discrete fractures) when the impact velocity is below 4.0 m/s (strain rates <200/s). In this way, the strain rate region in between 200/s and 300/s represents a transition zone between fracturing and pulverization for Westerly granite. In this region, the peak stress in the samples varies from 100 to 230 MPa with about 175 MPa required for failure; the strain to failure was about 0.75%. This transition is further confirmed by Shot 4, for which the peak stress in the sample was 210 MPa and the damage in the sample is best described by the label fractured/pulverized.
[19] To perform in situ recording of the deformation and failure processes, an Imacon 200 ultrahigh speed digital camera (DRS Technologies) is employed. In the video, 16 pictures are taken with interframe time of 20 ms in order to maximize imaging of the deformation and failure processes. Figure 5 shows the pulverization process for shot 7. The first frame corresponds to the time when the stress wave reaches the granite specimen. It is clearly seen that the specimen fails from the third frame onwards and eventually becomes completely pulverized.
[20] Transitions in dynamic failure mode in rock samples from discrete fracture to extensive fragmentation has also been previously investigated by Li et al. [2005] and Zhou et al. [2008] for rock mining applications, where they studied the relationship between specimen diameter and loading rate on the failure of unconfined rock samples. More importantly, they also showed that a critical strain rate was essential to induce fragmentation in rocks during the dynamic compressive loading below which the posttest specimens were essentially observed to be intact; moreover, they reported the critical strain rate levels to decrease as the specimen size became larger Lok et al., 2002] .
Confined Experiments
[21] In this series of experiments three different sleeve materials are used to apply varying levels of confinement pressures on the granite specimens. The sleeve materials, their quasi-static yield strength, and maximum confinement pressure they can be used to apply, are listed in Table 2 . In all the confined experiments granite specimens with length of 4 mm and diameter of 6 mm were employed. In all cases the length of the sleeve was 6 mm. The average wall thickness for the copper and brass sleeves was 1.5 mm, while the wall thickness for the PMMA sleeves was 1.1 mm. The steel plugs have a length of 3 mm and a diameter of 6 mm. The Westerly granite specimens used for the confined experiments were ground cylindrical to within 0.01 mm on the lateral surface with two end surfaces parallel to within 0.01 mm over the diameter of the specimen. The inner surfaces of sleeves were ground to the desired diameter, which has a predetermined misfit to the granite specimen. The misfit was designed to take the sleeve to yielding during shrinkage. The expected confinement pressures of 20 MPa (with PMMA), 60 MPa (with copper) and 132 MPa (with brass), correspond to depths of 1.1 km, 3.3 km and 7.3 km, respectively, assuming hydrostatic pore pressure. These estimates of depth are based on effective confining pressure, i.e., the solid pressure minus the pore fluid pressure. A good rule of thumb for confining pressure, assuming saturated rock densities and that water fluid pressure is hydrostatic (due to the weight of interconnected water from the surface to the depth of interest), is 18z, where z is the depth in km and the pressure is in MPa. However, during dynamic deformation, the pore fluid pressure is expected to be affected by both deformation as well as dilatancy. Under these conditions, it is not clear what the role of pore fluid pressure would be, since, as a result of dilatancy, the pore fluid pressure may drop down so much that these confinement pressures may correspond to perhaps shallower depths.
[22] Table 3 is a summary of all the experiments conducted in the present study with lateral confinement. Like in the case of the unconfined experiments, the posttest impacted specimens were divided into three damage statesintact, fragmented and pulverized.
[23] Figure 6a shows the true stress versus true strain curves obtained from the confined experiments with copper sleeve. As mentioned earlier, the estimated 60 MPa of confinement corresponds to a seismogenic depth of 3.3 km. Figure 6b shows low magnification pictures of the corresponding posttest specimens. The peak stress in the specimen increases from 210 MPa for the case of no confinement to about 850∼1050 MPa at a confinement pressure of ∼60 MPa. Moreover, the true stress in the specimen increases with strain up to ∼2.6%, after which the stress in the specimen saturates at ∼800 MPa. When the applied stress is lower than 800 MPa, in other words when the impact velocity is lower than 5.2 m/s (strain rate <460/s), the granite specimen remains intact with no apparent cracks on the impact faces. As seen in Figure 6b , a dominant single crack can be seen when the impact velocity is 10.0 m/s (strain rate ∼970/s); multiple fractures can be seen when the impact velocity is increased to 13.1 m/s (strain rate ∼1580/s), while the granite specimen becomes essentially a powder when the impact velocity is 15.1 m/s (strain rate ∼1670/s).
[24] Figures 7a and 7b show the true stress versus true strain curves for confined experiments with PMMA and the brass sleeves, respectively. When the granite specimen is confined by PMMA sleeve (confinement pressure ∼20 MPa), unlike the case of the experiments with the copper sleeve, a bell shaped true stress vs strain curve is observed. The peak stress in the specimens is ∼450 MPa; the corresponding axial strain is 1.4%, after which the load carrying capacity of the granite specimens drops to nearly zero. As observed from Figure 7b , the behavior of the Westerly granite specimens when confined with the brass sleeves is very similar to those obtained with the copper sleeves except that the peak stress increases from 970 MPa to 1200 MPa at impact speeds of 10 m/s and higher. The post peak stress plateau levels are also higher-the stress is observed to saturate at a level of about 880 MPa and then remain essentially constant thereafter. However, unlike the tests conducted with confinement using PMMA and copper sleeves, for experiments conducted with the brass sleeves no pulverization of the granite specimens is seen even at strain rates as high as Figure 5 . High-speed camera pictures for a typical unconfined experiment, Shot 7. 1860/s. Also, below an impact velocity of 7 m/s the granite specimen remains essentially intact with no apparent cracks on the impact faces.
[25] When the granite specimen fails, the peak stress levels (in Figures 3a, 6a , 7a, and 7b) can be defined as the dynamic compressive strength of the Westerly granite under a given level of lateral confinement. Figure 8 shows the dynamic compressive strength versus the lateral confinement pressure for all the confined experiments. The dynamic compressive strength of the granite increases from 210 MPa to approximately 1200 MPa as the lateral confinement pressures are increased from zero (unconfined) to 132 MPa (confinement with brass sleeve). Recall that experiments with the brass sleeve confinement show only dynamic fracture of the specimens into large fragments but no pulverization at the strain rates employed in the present investigation. This suggests that pulverization may be found in the shallow subsurface (as also confirmed by borehole studies) and at burial depths of ∼3.3 km. Currently, plate impact shock compression studies on Westerly granite are underway in our laboratory (where both confining pressures as well as the strain rates are much higher than those discussed here), and the results of these studies will be presented in a forthcoming paper.
[26] Figure 9 shows estimates of the threshold strain rate for the transition from fracture to pulverization in the Westerly granite specimens. Since the SHPB experiments were of the "recovery" type, in all cases fracture is assumed to occur during the first loading pulse. The solid right triangles show data for the case of no confinement. The average strain rate at which transition from fracture to pulverization is observed in the Westerly granite specimens is shown by the vertical dashed line at a strain rate of ∼250/s. The solid squares and the solid circles represent data with PMMA and copper confinement sleeves with corresponding lateral confinement pressures of 20 MPa and 60 MPa, respectively. It is to be noted that in the presence of the higher confinement pressures both the peak stress as well as the critical average strain rates for transition are increased with the transition to pulverization occurring at 300/s and 1500/s, respectively. This increase in the strength, and hence the strain rate under confinement, has also been observed for other brittle materials under similar dynamic loading conditions [Chen and Ravichandran, 1997; Huang et al., 2002; Lankford, 2004; Subhash and Ravichandran, 2000] . For the case of the brass sleeves, no threshold strain rate for pulverization can be identified from our experiments (note that the brass sleeves correspond to a confinement pressure of ∼132 MPa, which corresponds to a buried depth of about 5 km). At these depths, the transition to pulverization will perhaps require much higher strain rates than those obtained in the current SHPB experiments.
[27] There are several indications in the field that show pulverization to occur at relatively shallow depths. First, the Punchbowl fault only 5 km southwest from the outcrops of pulverized rock bodies near the SAF is interpreted to have been exhumed from about 2 to 4 km [Chester et al., 2004, and references therein] . Additional direct evidence of pulverization occurring at shallow depths is provided by studies Wilson et al., 2005] of pulverized quartzite in fresh rupture zones in South African gold mines. They analyzed rock powder samples collected from the rupture zone of M = 3.7 earthquake at depth of about 2 km (and near large internal free surfaces), and found that the grain size distribution and other properties of those samples is similar to those found in Tejon Pass. Pulverized quartzites are also abundant in many fresh rupture zones in the mines , forming under minimal or even negligible confining stress.
Scanning Electron Microscopy: Characterization of Damage and Fragmentation
[28] In order to understand the modes of damage as well as the degree of fragmentation in the posttest Westerly granite specimens, cross section of specimens confined by a copper sleeve were obtained by sectioning them parallel to the loading axis using a low speed diamond saw. The SEM images of these sections were then compared to those obtained from an untested specimen. Figure 10 shows a scanning electron microscopy map of a cross section taken from an untested specimen, while Figure 11 shows the SEM map for a posttest impacted specimen, Shot SC4, that was impacted with a velocity of 7.6 m/s. Compared with untested specimen, the posttest recovered specimen, SC4, shows a few localized damaged areas with multiple fractured grains indicating localized pulverization, even though there was no apparent visible fracture at the impact surface. These highly deformed regions are understood to form as a result of systematic intergrain contact and sliding, intragrain fracturing, and void collapse, which are promoted by the amplification of the grain-to-grain contact stresses, and facilitated by the formation of the stress chains. Figure 12 shows the scanning electron microscopy map of the cross section surface parallel to the loading axis for shot SC5, conducted at an impact velocity of 10.0 m/s. At this higher impact velocity, the specimen shows extensive micro- . Peak stress as a function of the average strain rate in Westerly granite specimens for the case of no confinement, and confinement with PMMA, copper and brass sleeves. The threshold for transition from sparse fracture to pervasive pulverization increases as the confinement stress is increased. For the case of the brass sleeve, no critical transition strain rate could be identified from the present experiments.
cracking throughout the specimen as well as a larger localized pulverized region when compared to the impact velocity of 7.6 m/s. Figure 13 shows the scanning electron microscopy image of the cross section surface parallel to the loading axis for shot SC6, conducted an impact velocity of 13.1 m/s. At this higher impact velocity, the specimen shows several cracks along with regions of pervasive pulverization. In the lower half of the specimen, there are regions that show extensive pulverization and that have been reduced to essentially a powder and fell out of the sample sleeve so this region could not be sectioned. Also, most particles in the pulverized regions have dimensions of 500 microns or less. These particle size dimensions are consistently higher than those recovered from the field, which have been reported to be 300 microns or less. However, it must be noted that these submillimeter-scale particles have formed under a single impact loading under uniaxial stress conditions. The natural state in the field are Figure 10 . SEM image of a section perpendicular to the loading axis of an untested Westerly granite specimen. Figure 11 . SEM image of a section perpendicular to the loading axis of a posttest recovered specimen from Shot SC4 (impact velocity 7.6 m/s) confined with a copper sleeve.
perhaps a result of several earthquakes, each one damaging the rocks by compression and shear loadings.
Possible Mechanisms for Rock Fracture and the Origin of Pulverization Rocks
Along Natural Faults [29] In an attempt to understand the origin of PR in the field, we turn our attention to the few early theoretical studies on dynamic shear rupture. Freund [1990] obtained a steady state asymptotic solution for the stress and particle velocity fields near a Mode II shear crack propagating at sub-Rayleigh and intersonic speeds along a prescribed straight line path in a homogeneous, isotropic, linear elastic material. According to this solution, when the crack tip speed v, is sub-Rayleigh (0 < v < c R ) the asymptotic stress fields are square root singular, and the dominant term in the near tip stress components, s ij , viewed from a local coordinate system propagating with the crack tip at speed take the form
where (h 1 , h 2 ) are the coordinates of a point with respect to the mathematical crack tip, i.e., moving Cartesian coordinate system attached to the crack tip (with the h 1 axis perpendicular to the crack edge and h 2 axis perpendicular to the Figure 12 . SEM image of a section perpendicular to the loading axis of a posttest recovered specimen from Shot SC5 (impact velocity 10.0 m/s) confined with a copper sleeve. Figure 13 . SEM image of a section perpendicular to the loading axis of a posttest recovered specimen from Shot SC6 (impact velocity 10 m/s) confined with a copper sleeve showing the highly fragmented region from the upper half of the recovered specimen. The lower half of the specimen was pulverized to essentially a powder.
plane of the crack), f ij (.,.) are known functions of crack tip speed and angular position, the indices ij have the range of 1, 2, 3, while the variables r l , l , a l , and a s are defined as follows:
As it is evident from the general form of this solution, the six independent components of the stress tensor all share a common amplitude factor K II d , which in turn is called the mode II dynamic stress intensity factor.
[30] Based on the crack tip fields, as described by equations (4) to (6), for sub-Rayleigh rupture speeds the deformation conditions at material points a few mm away from the rupture tip are extreme: tensile stresses approach 5 GPa, volumetric strain rates exceed 10 5 s −1 , and volumetric expansion alternates with volumetric contraction . Under these conditions, it is expected that a localized zone (a few mm wide) will be pulverized all along the rupture path. Similar, PR formations are also expected to form during dynamic slip along a somewhat rough fault with amplitude to wavelength ratio of the surface roughness on the order of 0.001 to 0.01, as argued by Walter and Brune [1993] , Chester and Chester [2000] , and Power and Tullis [1989, 1995] . However, these mechanisms cannot explain the origin of PR observed in the field, which has been observed, in some cases, to extend almost 100 m away from the fault plane.
[31] In the case of homogeneous fault interfaces, subRayleigh shear ruptures have been shown to produce damage zones consisting of an array of tensile cracks [Griffith et al., 2009] . These cracks nucleate and grow over the length of the cohesive zone behind the tip of the shear rupture front that propagates dynamically along the fault interface. The tensile cracks are produced only along one side of the interface where transient, fault-parallel, tensile stress perturbations are associated with the growing shear rupture tip. The possible relation of these cracks to geological observations of periodic arrays of tensile, off-fault, fractures and to pseudotachylyte injection veins has been hypothesized by Rosakis [2002] . Also, Di Toro et al. [2005a Toro et al. [ , 2005b have provided field evidence that tensile fractures containing pseudotachylyte (pseudotachylyte injection veins) might indeed form by a similar dynamic process. However, again this damage is expected to be limited to tensile cracks in a thin region (tens of mm) off the rupture fault, and is unlikely to explain the origin of PR observed in the field tens of meters away from the fault plane.
[32] Moreover, in the case of sub Rayleigh rupture propagation along nonhomogeneous fault interfaces, theory [Ben-Zion, 2001] shows that mode II ruptures on a material interface tend to evolve wrinkle-like pulses that propagate preferentially in the direction of motion of the slower velocity block. The theory [Ben-Zion and Shi, 2005] also shows that more damage is expected on the side of the fault with higher seismic velocity, which for the preferred propagation direction is the side that is consistently in the tensional quadrant of the radiated seismic field. This asymmetry in damage pattern is consistent with the overall distribution of pulverized rocks along the SAF in the Mojave, and with other smaller scale observations of damage distribution across the SAF in this area [Dor et al., 2006a] . Seismic imaging [Fuis et al., 2003] suggests that the northeast more damaged side of the SAF in the Mojave has faster seismic velocities. This correlation is compatible with northwestward preferred direction of large ruptures along the SAF in the Mojave. However, if the Weertman pulse were to induce pulverization, we would expect to find pulverized rocks along faults separating the bimaterial fault interface, with no evidence for compression. However, pulverized sandstone along the San Andreas fault is understood to show compression features . Also, PRs are sometimes found on both sides of the San Andreas fault.
[33] The results of the SHPB experiments described herein clearly show that for granite under dynamic compression, a minimum threshold strain rate of 250/s is required for transition from sparse fracturing to pervasive pulverization, below which the transition to pulverization is highly unlikely. Even though equations (4) to (6) predict high strain rates for material points in or near the fault core, at distances away from the fault core (tens of meters) the effective strain rates,
, where
Þ ij , at 1-2% effective strains are expected to be several orders of magnitude smaller (∼1/s), and, in view of the present experimental results, are not likely to result in pulverization. Hence we propose that an alternative mechanism, supershear rupture, that can generate very high effective strain rates at distances far away from the rupture plane that may lead to pulverization of rocks.
[34] For the case of the mode II shear rupture propagating at intersonic speeds along a straight line, the dominant term governing the stress state near the rupture tip is of the form [Samudrala et al., 2002] ,
where g ij (·) is a function of the crack tip speed, H (·) is the Heaviside step function, q is the singularity exponent given by
K II * (t) is the intersonic stress intensity factor defined as
From equation (7) we see that the asymptotic solution predicts two traveling waves of strong stress discontinuity attached to the crack tip and inclined at b = tan −1 ( 1/ s ) = sin −1 (c s /v) to the crack faces. The stress field is singular at the crack tip, and the singularity exponent q is a function of the crack tip speed. Exponent q increases monotonically from 0 at v = c s to a value of 1/2 at v = ffiffi ffi 2 p c s , and there after decreases monotonically to 0 at v = c l . The stresses are also singular all along the lines of discontinuity with the same strength of singularity as that at the rupture tip. The crack tip singularity is thus radiated away from the tip to create two shear shock waves. As one would expect, the existence of infinite stress jumps across these shock waves is not feasible and such a prediction is an artifact of the theory of linear elasticity. In real materials, however, this prediction corresponds very well with well-defined lines across which large but finite stress jumps occur. The pathology of infinite stress jumps and zero crack tip energy release rate for an intersonic mode II crack can be overcome by introducing a process zone of finite size ahead of the tip. Such a solution is given by Samudrala et al. [2002] . The cohesive zone solution also introduces some structure across the shock wave by smearing out the stress jump and eliminating the singularities.
[35] With regards to the origin of PR, the point to note is that supershear ruptures induce a shock wave. Simple models, such as those described by equations (7) to (10) provided by Samudrala et al. [2002] , yield Heaviside functions that permit sharp fronts and with small decay with distance. In this way, very high effective strain rates can be achieved at relatively small effective strains tens of meters from the fault core, as supershear rupture induces a shock wave and generates high frequency displacements. This is consistent with the discovery of pulverized rocks only near large strike-slip faults: San Andreas and San Jacinto faults in California [Dor et al., 2006b and Northern Anatolia fault in Turkey [Bouchon and Rosakis, 2002] , both of which are amenable to supershear rupture.
[36] It is to be noted that intersonic ruptures lead to the formation of shear Mach cones at material points away from the fault plane. This state of stress is quite different from axial compressive loading and lateral confinement used in the present experiments to understand the transition of damage from sparse fracture to pervasive pulverization in Westerly granite. To the best of the authors' knowledge no systematic studies are available in the literature that provide insights into such transitions with strain rate in rocks under dynamic shear loading. In view of these limitations, we have used results of the SHPB experiments and the associated strain rates to better understand the conditions that can possibly constrain the origin of pulverized rocks as observed in the field. Of course, insufficient experimental data exist to demonstrate whether the effective strain rate approach is valid for Westerly granite, except for under uniaxial compression and perhaps tension. It is, nevertheless, a useful approach and employs assumptions that are similar to those customarily engaged to predict strain rate-sensitive behavior including failure in engineering brittle materials under dynamic multiaxial loading conditions [Meyers, 1994] .
Summary
[37] In the present study, split Hopkinson pressure bar (SHPB) recovery experiments are conducted on Westerly granite samples under both unconfined and confined loading conditions to investigate the threshold for transition in deformation mode from sparse fracture to pervasive pulverization under stress wave loading conditions. Well-characterized lateral confinement is generated in the cylindrical specimens by utilizing shrink fit PMMA and metal sleeves around the specimens during dynamic loading. The unconfined condition represents the natural rocks on the surface ground, while the different lateral confined conditions represent different buried depth of natural rocks.
[38] The results of the study indicate that for transition from sparse fracture to pervasive pulverization in rocks (Westerly granite), high strain rate loading conditions (effective strain rates in excess of 300/s) are necessary and that the formation of PR may be inhibited at larger depths under higher confinement pressures. As seen in Figures 6  and 7 , the strain corresponding to the peak stress in the Westerly granite samples varies from 0.8% for the case of no confinement to about 1.5% in the case of the PMMA sleeves (20 MPa confinement) to about 3.6% for the case of the copper sleeve confinement (60 MPa). These relatively small levels of strain are consistent with the basic fabric structure of the pulverized rocks recovered in the field.
[39] The constraints of relatively low strains (1-3%) observed in PR recovered from the field and the existence of a threshold strain rate of ∼250/s and higher for pulverization of rocks, combined with field observations that PR has been found in belts that stretch tens of meters away from the rupture fault plane, indicate that a dynamic supershear-type rupture may be necessary for the origin of pulverized rocks observed in both large strike-slip-type earthquakes and also the relatively small slip dip-slip-type of fault ruptures observed in nature.
